Introduction
Recent studies show that laser induced periodic surface structures (LIPSSs) on various materials (including metals [1, 2] , semiconductors [3, 4] , and insulators [5, 6] ) have been investigated extensively using femtosecond laser. According to the periods of LIPSSs, the LIPSSs can be divided into two types [7, 8] . While the LIPSSs with periods approximately equal to the laser wavelength are called low spatial frequency LIPSSs (LSFLs), the LIPSSs with periods much smaller than the laser wavelength are referred to as high spatial frequency LIPSSs (HSFLs). Tomita et al. [9] fabricated a surface wave structure on a (100) silicon surface by a single femtosecond laser pulse. Their results
show that the period of the surface wave structure is nearly equal to the wavelength of the irradiating 2 laser pulse. Dufft et al. [10] fabricated LSFL with a period (630-730 nm) close to the wavelength and HSFL with a period of 200-280 nm by irradiating single-crystalline zinc oxide surfaces with multiple linearly polarized femtosecond pulses (150-200 fs, 800 nm) in air. It is suggested that the period of LIPSSs can only be determined by the laser wavelength and the refractive index [11, 12] .
However, laser pulse number, laser pulse energy, and laser scanning speed have been found to significantly influence the period of LIPSSs very recently [13] [14] [15] [16] . Richter et al. [13] investigated the formation of self-organized nanostructures inside the bulk of fused silica induced by ultrafast laser pulses at high repetition rates. They found that the grating period continuously decreases with increasing number of pulses and finally saturates significantly below λ/2n (λ is laser wavelength and n is the refractive index of the irradiated material). Yang et al. [15] fabricated self-assembled, sub-wavelength periodic structures in fused silica by a tightly focused, linearly polarized femtosecond laser beam. Their results show that the period of the nanogratings decreases with increasing pulse energy and decreasing scanning speed in their study range.
In this paper, we report on the fabrication of periodic and uniform nanogratings on cemented carbide by femtosecond laser scanning. Specifically, three experiments are designed to study the influence of single pulse energy, scanning speed, and scanning spacing on the period and the uniformity of the formed nanogratings. The configurations of the nanogratings are characterized by scanning electron microscope (SEM) and scanning probe microscope (SPM).
Experiments
YS8 (WC+TiC+Co) cemented carbide with the size of 16 mm x 16 mm x 5 mm were utilized for this study. The composition, physical, and mechanical properties of this material are shown in Table 1 .
The surface of this material was mechanically polished and washed in an ultrasonic cleaner with acetone for 30 min. The surface roughness of the cemented carbide sample was less than 10 nm. It was fixed on a three-dimensional motorized translation stage with a position accuracy of 100 nm.
The cemented carbide sample was irradiated in air with linearly polarized, 800 nm, 120 fs laser pulses from a Ti: sapphire regenerative amplified laser system (Coherent Inc.) operated at a repetition rate of 1 kHz. The polarization direction and power of the laser can be adjusted by a polarizer and an 3 attenuator, respectively. The femtosecond laser pulses with single pulse energy of 1.75 ~ 2.75 μJ were focused through a microscope objective with a focal length of 23.5 mm and numerical aperture of 0.15 on the sample surface. The laser spot size was estimated to be 6.51 μm in diameter and the laser fluence on the sample was estimated to be 2.28 J/cm 2 
Results and discussion
The SEM pictures of the scanning area and the corresponding uniform nanogratings induced on YS8 cemented carbide by femtosecond laser are shown in Fig So far, several mechanisms have been proposed to explain the formation of nanogratings induced by femtosecond laser pulses, such as interference between the incident laser light and the surface scattered wave [17] , self-organization [6] , second harmonic generation (SHG) [8] , excitation of surface plasmon polaritons [18] , and Coulomb explosion [19] etc. However, it is suggested from our research that the surface plasmon polaritons (SPPs) excited by femtosecond laser irradiation can explain the formation of nanogratings in this paper [20, 21] . The nanograting origin lies in the defect-initiated excitation of SPPs, which can interfere with the incident laser beam and then can lead to a modulated energy deposition into the YS8 cemented carbide [22] .
Single pulse energy
It is known that nanogratings can be created on the surface of a material at certain single pulse energy [23] [24] [25] . Therefore, in order to investigate the dependence of the uniform nanogratings' configurations on single pulse energy, we designed the following experiments. We kept the scanning speed of 500 μm/s and the scanning spacing of 5 μm, while changing the single pulse energy from 2.75 μJ to 1.75 μJ. Fig. 3 shows the SEM images of the nanogratings formed on the surface of YS8
cemented carbide by femtosecond laser pulses with different single pulse energies and the EDX surface chemical composition analysis in the selected area. It can be seen that nanogratings with subwavelength periods can be obtained in all cases. However, a large area of the nanogratings is covered with some material with the single pulse energy of 2.75 μJ, as shown in Fig. 3(a) . The EDX surface chemical composition analysis on the covered area (point 1) is illustrated in Fig. 3(f) . O, C, W, Ti, and Co elements are identified in point 1, while the nanogratings produced by femtosecond laser with single pulse energy of 2 μJ contain no O element as shown in Fig. 1(c) . Apparently, high pulse energy resulted in the oxidation of the YS8 cemented carbide. In these cases, the surface of the YS8 cemented carbide was oxidized and formed nanogratings with ablated material adhered to the nanogratings ( Fig. 3(a) , (b), and (c)). The similar severe ablation was observed in previous research [24] . It also can be seen that the nanogratings appear to be short, irregular, and segmented for low single pulse energy as shown in Fig. 3(e) . However, the sample with single pulse energy of 2 μJ shows the best uniform nanogratings among all the samples tested under different single pulse energies ( Fig. 3(d) ). [15] . However, the variability of the nanograting period is inconsistent with the simple nanoplasmonic model [26] , which only allows for structures to be formed with a fixed period of λ/2n.
Based on the theory of SPPs, nanograting period should somewhat smaller than the laser wavelength, 6 since surface damage occurs at carrier concentrations close to the critical carrier density of SPP excitation [22] . And the variation of single pulse energy seems to change the carrier concentrations on the surface of YS8 cemented carbide, which leads to the change of nanograting period. The variation of the nanograting period in this study may be explained by the sensitivity of the nanograting period at excitations levels close to the critical carrier density/damage threshold. 
Scanning speed
From the viewpoint of practical applications, it is essential to produce deep and uniform nanogratings that can be extended to a large area. Therefore, the scanning of focused laser beam is necessary. In this case, the single pulse energy, scanning speed, and scanning spacing will affect the quality of the formed nanogratings. So, in order to investigate the dependence of the uniform nanogratings' configurations on the scanning speed of the laser beam, we designed the following experiments. Based on the experimental results in Section 3.1, we kept the single pulse energy of 2 μJ and the scanning spacing of 5 μm, while changing the scanning speed from 2000 μm/s to 125 μm/s. under different scanning speeds (Fig. 5(b) ). However, the surface of YS8 cemented carbide can not form continuous nanogratings as a result of high scanning speeds such as 2000 μm/s (Fig. 5(a) ).
Meanwhile, certain areas of the nanogratings are covered with some dark material with the scanning speed of 125 μm/s, as shown in Fig. 5(e) . The EDX surface chemical composition analysis on the dark material (point 1) is illustrated in Fig. 5(f) . O, C, W, Ti, and Co elements are identified in point 1 of the dark material, while the nanogratings produced with the scanning speed of 500 μm/s contain no O element as shown in Fig. 1(c) . Apparently, at low scanning speeds too many pulses irradiated the same place and caused the oxidation of the material. In these cases, the surface of the YS8 cemented carbide was oxidized and formed nanogratings with ablated materials adhered to the surface of nanogratings ( Fig. 5(d) and (e)). It also can be seen that the nanogratings appear to be thin, short, irregular, and segmented for low scanning speeds as shown in Fig. 5(d) and (e). Similar results were also found in previous research [27] . 
Scanning spacing
Another factor that determines the quality of the formed nanogratings is scanning spacing of the laser beam. Therefore, in order to investigate the dependence of the uniform nanogratings'
configurations on the scanning spacing of the laser beam, we designed the following experiments.
Based on the above experimental results, we kept the single pulse energy of 2 μJ and the scanning speed of 1000 μm/s, while changing the scanning spacing from 5 μm to 10 μm. Fig. 7(a) ). However, there are gaps between two laser scanning beams that can not 12 form continuous nanogratings on the surface of YS8 cemented carbide, as shown in Fig. 7(b) and (c).
The EDX surface chemical composition analysis on the gap (point 1) is illustrated in Fig. 7(d) . C, W, Ti, and Co elements are identified on point 1 of the gap, while the chemical composition of the substrate YS8 cemented carbide is the same. Apparently, it can be said that if the scanning spacing is larger than the width of nanogratings formed by a single scan, it will cause the discontinuity of nanogratings formed on the surface. Conversely, it can be inferred that if the scanning spacing is smaller than the width of nanogratings formed by a single scan, it will cause the overlapping of nanogratings formed on the surface. It also can be found that the nanograting width formed by a single scan is about 5 μm under the test conditions. Table 2 shows the period of the nanogratings formed on the surface of YS8 cemented carbide by femtosecond laser pulses with different scanning spacings (single pulse energy E = 2 μJ, scanning speed V = 1000 μm/s). It can be seen that the nanograting period almost maintains a constant value of ~660 nm under different scanning spacings. The gap between two adjacent peaks of the nanogratings also seems to be unchanged as shown in Fig. 7 . It may be explained that the variation of scanning spacing seems not to change the carrier concentrations on the surface of YS8 cemented carbide which leads to the nanograting period unchanged. 
Conclusions
In summary, we have successfully fabricated periodic and uniform nanogratings on cemented carbide by femtosecond laser scanning. Specifically, we designed three experiments to study the influence of single pulse energy, scanning speed, and scanning spacing on the period and the uniformity of the formed nanogratings. The main conclusions obtained can be summarized as follows.
(1) The sample with single pulse energy of 2 μJ, scanning speed of 1000 μm/s, and scanning spacing of 5 μm shows the best nanograting quality among all the tested samples at different processing parameters.
(2) The uniformity of the nanogratings is largely determined by single pulse energy, scanning speed, and scanning spacing. 
